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The  characteristics  of  confined  epitaxial  growth  are  investigated  with  the  goal  of  determining  the 
contributing  effects  of  mask  attributes  (spacing,  feature  size)  and  growth  conditions  (V/III  ratio, 
pressure,  temperature)  on  the  efficiency  of  the  approach  for  dislocation  density  reduction  of  GaN.  In 
addition  to  standard  (secondary  electron  and  atomic  force)  microscopy,  electron  channeling  contrast 
imaging  (ECCI)  is  employed  to  identify  extended  defects  over  large  (tens  of  microns)  areas.  Using  this 
method,  it  is  illustrated  that  by  confining  the  epitaxial  growth,  high  quality  GaN  can  be  grown  with 
dislocation  densities  approaching  zero. 
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1.  Introduction 

Wide  band  gap  Ill-nitride  semiconductors  are  the  dominant 
material  for  the  blue  and  green  optoelectronic  industry  as  well  as 
entering  the  market  as  lateral  high  power  and  frequency  devices. 
However,  in  GaN-based  devices  there  are  significant  prospects  of 
using  vertically  conducting  devices  in  high  power  and  tempera¬ 
ture  applications.  Due  to  heteroepitaxial  growth  limits  within  this 
system,  high  densities  of  extended  defects  such  as  threading 
dislocations  arise,  inhibiting  the  full  potential  of  both  optical 
and  electronic  devices  with  vertical  currents.  Several  growth 
approaches  (epitaxial  lateral  overgrowth  (ELO),  pendeoepitaxy, 
etc.)  have  attempted  to  minimize  the  effects  of  the  high  defect 
density  in  III-N  devices  [1-5].  For  use  in  vertical  devices,  though, 
these  growth  approaches  fail  to  provide  vertical  current  flow 
involving  the  substrate  and  make  poor  use  of  the  substrate  area 
impacting  yield.  Recent  research  developing  a  form  of  selective 
growth,  termed  confined  epitaxy  (CE),  has  shown  materials  with 
dislocation  densities  reduced  by  a  factor  of  10  and  stress 
reductions  of  50%  compared  with  continuous  layers  [6,7].  Unlike 
LEO  and  pendeoepitaxy,  this  approach  does  not  employ  lateral 
growth  or  re-growth  as  the  basis  of  defect  reduction.  Instead, 
overgrowth  is  discouraged  in  the  growth  and  the  final  product 
consists  of  columns  of  low  dislocation  GaN.  The  material 
improvements  are  theorized  to  be  the  result  of  the  ability  of  the 
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confined  epitaxy  columns  to  twist  and  flex  to  accommodate  strain 
without  a  need  for  extended  defect  formation  [8].  Taking 
advantage  of  the  improved  material,  two-color  UV  imagers  have 
been  fabricated  using  this  approach  [9]. 

In  this  paper,  the  characteristics  of  the  CE  method  will  be  more 
fully  investigated  with  the  goal  of  determining  the  contributing 
effects  of  mask  attributes  (spacing,  feature  size)  and  growth 
conditions  (V/III  ratio,  pressure,  temperature)  on  the  efficiency  of 
dislocation  density  reduction.  In  order  to  effectively  monitor 
dislocation  density,  a  rapid,  non-destructive  method  of  character¬ 
ization  is  preferred.  In  this  work  electron  channeling  contrast 
imaging  (ECCI)  is  employed  to  identify  extended  defects  over 
large  (tens  of  microns)  areas.  ECCI  provides  a  way  to  fingerprint 
threading  dislocation  number  and  type  within  GaN  by  examining 
them  at  their  point  of  intersection  with  the  surface.  The  technique 
also  permits  highlighting  of  atomic  step  morphologies  and  low- 
angle  grain  boundaries,  and  can  even  be  employed  to  determine 
the  burgers  vector  of  dislocations  [10,11]. 


2.  Experimental  details 

The  details  to  this  growth  method  and  its  preparation  have 
been  previously  noted  by  Eddy  et  al.  [6].  In  short,  an  a-plane 
sapphire  wafer  with  a  25  nm  AIN  buffer  layer  and  a  1-2  pm  GaN 
epilayer  grown  via  metalorganic  chemical  vapor  deposition 
(MOCVD)  is  patterned  via  lift-off  photolithography  and  oxide 
deposition.  The  resulting  500  nm  SiOx  mask  on  the  surface  of  the 
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Frame 

/  Hexagonal  openings 


Fig.  1.  Magnified  view  of  of  the  comer  of  a  20  (am  array  with  15  jam  spacing 
between  features.  The  white  regions  are  covered  by  an  oxide  mask,  and  the 
colored  areas  are  the  regions  left  open  for  GaN  growth.  Both  “frame”  and 
hexagonal  openings  are  visible. 


epitaxy  consists  of  hexagonal  openings  in  which  the  confined 
epitaxy  is  grown.  The  epitaxy  is  grown  only  within  the  openings 
of  the  mask,  and  is  not  encouraged  to  expand  laterally  over  the 
mask.  In  this  study,  the  opening  size  is  varied  between  5  and 
20  pm  and  the  spacing  between  the  openings  varies  between  3 
and  15  pm.  Variations  in  process  conditions  are  also  examined.  In 
addition,  a  “border”  or  “frame”  with  a  200  pm  width  was  added 
around  each  CE  array  to  provide  “large  area”  epitaxial  openings. 
This  frame  acts  like  a  gallium  sink,  preventing  lateral  diffusion 
across  the  mask  periphery  into  the  edges  of  the  array,  which 
would  lead  to  wide  variations  in  growth  rate.  An  added  benefit  of 
this  frame  is  that  it  allows  comparison  between  large  area  growth 
and  confined  growth  under  the  same  local  and  global  conditions. 
A  magnified  representation  of  the  corner  of  an  array  demonstrat¬ 
ing  the  layout  of  the  hexagonal  openings  and  frame  is  contained 
in  Fig.  1.  The  conditions  investigated  in  the  MOCVD  chamber 
during  the  growth  included  V/III  ratios  from  500  to  9000,  growth 
temperatures  from  1000  to  1100  °C,  and  pressures  from  60  to 
250Torr.  The  default  conditions  were  150Torr,  a  V/III  ratio  of 
3500,  24.85  pmol/min  TMG,  and  1030  °C. 

Morphological  characterization  of  the  CE  material  was  per¬ 
formed  by  scanning  electron  microscopy  (SEM,  LEO  Supra  55 
SEM)  and  atomic  force  microscopy  (AFM)  in  tapping  mode  (Digital 
Instruments  Nanoscope  Ilia).  The  structural  quality  of  the  films 
and  dislocation  density  was  determined  by  ECCI,  using  a  FEI  Nova 
600  NanoLab  SEM  and  hkl  Technology  Nordlys  electron  back- 
scatter  diffraction  (EBSD)  detector.  This  characterization  method 
has  been  shown  to  pinpoint  dislocations  and  distinguish  between 
edge  and  screw/mixed  dislocations  as  effectively  as  transmission 
electron  microscopy  (TEM)  in  both  GaN  and  SiC  materials  [10,12]. 


3.  Results  and  discussion 

SEM  and  AFM  of  the  CE  columns  reveal  smooth  surfaces  for  all 
growth  conditions  and  mask  configurations  investigated,  with 
rms  roughness  values  similar  to  that  of  comparable  continuous 


GaN  epilayers  (0.4  +  0.2  nm).  Some  lateral  overgrowth  was 
observed,  especially  under  high  V/III  conditions,  as  is  commonly 
seen  in  two-step  LEO  growths  [13].  In  general,  vertical  sidewalls 
were  not  obtained;  instead  a  sidewall  with  roughly  62°  was 
observed,  which  corresponds  to  the  (1  -10  1)  plane.  However,  at 
a  global  V/III  ratio  of  1500,  some  5  pm  arrays  showed  columns 
with  partial  vertical  sidewalls,  but  only  at  the  edge  of  the  array. 
This  is  most  likely  a  result  of  an  increase  in  the  local  V/III,  as  less 
Ga  is  available,  and  was  not  duplicated  globally.  LEO  growth 
observations  support  this  idea,  as  under  low  V/III  conditions  the 
slope  of  the  initial  sidewalls  convert  to  vertical,  but  only  after 
overgrowing  the  mask  [14].  At  MOCVD  growth  temperatures,  the 
sticking  coefficient  of  Ga  on  GaN  and  SiOx  is  ~1  and  ~0, 
respectively  [15].  Even  while  using  low  global  V/III  ratios  with  the 
LEO  method,  the  lateral  growth  reduces  the  distance  between 
features,  decreasing  the  additional  Ga  flux  over  the  mask  so  that 
the  local  V/III  increases  [16]. 

In  general  growth  trends,  the  CE  column  growth  rate  increased 
with  both  increase  in  spacing  and  decrease  in  feature  size.  This 
was  expected  due  to  lateral  diffusion  of  active  species  (Ga)  over 
the  SiOx  mask  within  the  array.  In  addition,  the  growth  rate  varied 
between  the  edge  and  center  of  the  arrays.  This  is  presumed  to  be 
the  result  of  local  V/III  ratio  variations  at  the  edge  of  the  array  due 
to  the  frame  geometry.  These  effects  are  illustrated  in  Fig.  2.  The 
effect  diminishes  with  larger  feature  sizes,  as  shown  in  a  more 
uniform  growth  rate  across  individual  20  pm  arrays.  The  edge  of 
the  array  frame  also  experiences  a  higher  growth  rate.  Reducing 
the  V/III  ratio  naturally  increased  total  growth  rates,  and  during 
this  study  growth  rates  reached  as  high  as  12  pm/hr,  far  more 
than  conventional,  full-wafer  growth  rates  under  these  same 
conditions  (~2  pm/hr). 

Fig.  3  illustrates  the  general  appearance  of  an  ECCI  image  of  the 
top  of  a  CE  GaN  column.  In  this  image,  threading  screw/mixed 
dislocations  are  indicated  as  pinpoints  of  strong  light/dark 
contrast,  examples  of  which  are  shown  in  boxes.  Characteristic 
threading  edge  dislocations  have  been  circled.  Small  angle  grain 
boundaries  can  also  be  observed  from  the  large  area  contrast  and 
representative  areas  are  denoted  with  a  dotted  line.  Note  the 
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Fig.  2.  Growth  rate  vs.  array  spacing,  feature  size,  and  position  within  array. 
Illustrates  the  enhanced  growth  rate  achieved  in  CE  and  the  effect  the  frame  has  on 
growth  rate  at  the  CE  array  edge.  The  line  at  almost  2  pm/hr  represents  the  growth 
at  the  frame  center,  while  that  at  4.5  pm/h  is  an  average  of  the  growth  rate  of  the 
frame  edge  across  multiple  arrays. 
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threading  edge  dislocations  normally  appear  at  these  boundaries 
as  expected. 

The  ECCI  images  in  Fig.  4a-d  illustrate  the  remarkable 
reduction  in  dislocation  density  achievable  with  the  CE 
approach.  In  this,  and  several  other  growths,  arrays  were 
produced  with  a  majority  of  columns  possessing  0-5 
dislocations  (corresponding  to  a  maximum  dislocation  density 
of  5  x  107  cm-2  for  a  column  surface  area  of  10  pm2).  Comparing 
the  frame  growth  (triangles)  to  array  growth  (squares  and  circles) 
in  Fig.  4e  illustrates  the  improved  reduction  with  smaller  feature 
sizes.  The  trend  seen  in  this  graph  is  representative  of  all  growths 
carried  out  using  this  method.  Another  important  observation 
from  these  images  arises  from  the  very  low  dislocation  densities 
in  the  columns,  where  thicknesses  were  between  8  and  9  pm, 
versus  the  higher  detectivity  in  the  thicker  frame  edge  (12.5  pm). 
It  is  generally  accepted  that  thicker  growth  leads  to  dislocation 


Fig.  3.  ECCI  Image  of  GaN  CE  Column.  Threading  edge  dislocation  examples  are 
circled.  Examples  of  threading  screw/mixed  dislocations  are  boxed.  Examples  of 
small  angle  grain  boundaries  are  indicated  by  a  dotted  line. 


annihilation,  which  is  the  cornerstone  behind  using  thick 
(>100  pm)  HVPE  grown  material  to  obtain  low  dislocation 
densities  (on  the  order  of  106/cm2)  [17].  However,  in  the  case 
presented  here,  a  lower  dislocation  density  is  observed  in  thinner 
films.  This  leads  to  the  conclusion  that  an  alternative  mechanism 
is  driving  the  dislocation  reduction  in  CE  grown  material,  such  as 
that  previously  theorized  [8]. 

According  to  a  theory  on  the  mechanism  of  dislocation 
reduction  by  CE  proposed  by  Twigg  et  al.  [8]  a  critical  thickness 
is  required  to  allow  for  the  improved  dislocation  reduction  via  CE. 
This  is  observed  in  the  10  and  20  pm  arrays  with  thicknesses 
under  2  pm,  shown  in  Fig.  5b-c.  In  this  case,  not  only  is  there  a 
lack  of  statistical  improvement  over  the  frame  for  the  20  pm 
features,  there  is  no  significant  improvement  over  the  underlying 
epilayer  (1.3  x  109  cm-2).  This  is  observed  in  Fig.  5e.  However,  for 
5  pm  features  (Fig.  5a),  which  were  above  the  critical  thickness, 
the  columns  show  better  or  equivalent  detectivity  than  the  frame 
edge  (Fig.  5d),  which  was  twice  as  thick.  From  the  reduction  in 
separation  from  the  frame  detectivity  in  the  10  and  20  pm  arrays, 
Fig.  5e  demonstrates  the  need  to  achieve  critical  thickness,  as 
previously  theorized  [8]. 

The  process  is  robust  as  other  growth  parameters  had  minimal 
influence  on  the  resulting  dislocation  density  and  morphology.  If 
normalized  to  frame  dislocation  density  and  growth  thickness, 
growths  for  V/III  ratios  from  500  to  19,000  all  show  the  same 
trend  and  relative  dislocation  density  reduction  improvement  as 
compared  with  the  frame.  The  process  pressure  does  play  a  small 
role,  as  at  higher  pressures  (  >  200  Torr),  the  CE  grown  material 
did  not  completely  fill  or  form  perfect  hexagons  within  the  mask 
openings.  Instead,  randomly-shaped,  pitted  columns  were 
formed,  which  still  possess  (1  -10  1)  sidewalls.  Changing  the 
growth  temperature  over  the  conventional  range  for  MOCVD  of 
III— V  nitrides  (from  1000  to  1100  °C)  did  not  affect  the  growth  or 
dislocation  reduction  process. 


4.  Conclusion 

In  conclusion,  the  major  contributing  factor  to  the  dislocation 
density  reduction  in  confined  epitaxial  growth  is  the  opening  size 
in  the  mask.  In  comparing  CE  growths  with  larger  area 
frame  growth,  it  is  easily  determined  that  the  5  pm  features 
show  a  drastic  reduction  in  dislocation  density,  with  some  arrays 
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Fig.  4.  ECCI  images  from  a  5  pm  array  showing  (a,b)  columns  with  0  and  1.4  x  107  dislocations/cm2,  respectively,  (c)  frame  center  with  4.3  x  108  dislocations/cm2,  and  (d) 
frame  edge  with  2.7  x  108  dislocations/cm2,  (e)  Dislocation  density  vs.  mask  properties  of  spacing,  feature  diameter,  and  position  in  the  array.  The  dotted  line  at  the  top 
represents  the  dislocation  density  of  the  underlying  GaN  epilayer. 
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Fig.  5.  ECCI  images  of  (a)  5  pm  feature  3.8  pm  thick  with  5.9  x  108  dislocations/cm2,  (b)  10  pm  feature  1.3  pm  thick  with  8.4  x  108  dislocations/cm2,  (c)  20  pm  feature 
1.3  pm  thick  with  1.0  x  109  dislocations/cm2,  and  (d)  frame  edge  8  pm  thick  with  6.6  x  108  dislocations/cm2,  (e)  Dislocation  density  vs.  mask  properties  of  spacing,  feature 
diameter,  and  position  in  the  array.  The  dotted  line  at  the  top  represents  the  dislocation  density  of  the  underlying  GaN  epilayer. 


reaching  0  dislocations  per  column.  Also,  by  comparing  the 
thicker  frame  growth  with  CE  growth,  it  is  clear  that  the 
dislocation  reduction  in  CE  is  a  result  of  mechanisms  other  than 
conventional  annihilation.  Therefore,  the  CE  method  presents  the 
possibility  of  enabling  better  vertical  devices,  which  involve  the 
substrate  in  the  device  current  flow  path. 
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